In LNCaP prostate cancer cells CG-1521, a new inhibitor of histone deacetylases, alters the acetylation of p53 in a sitespecific manner. While p53 is constitutively acetylated at Lys320 in LNCaP cells, treatment with CG-1521, stabilizes the acetylation of p53 at Lys373, elevating p21 (and inducing cell cycle arrest). Treatment with CG-1521 also promotes Bax translocation to the mitochondria and cleavage, and apoptosis. TSA stabilizes the acetylation of p53 at Lys382, elevating p21 levels and inducing cell cycle arrest, but does not induce Bax translocation or apoptosis. In LNCaP cells CG-1521, but not TSA, promotes the rapid degradation of HDAC2. These data suggest that the acetylation of p53 at Lys373 is required for the p53-mediated induction of cell cycle arrest and apoptosis, while acetylation of p53 at Lys382 induces only cell cycle arrest. In p53 À/À PC3 cells both compounds induce p21 and cell cycle arrest, but not Bax translocation or apoptosis, suggesting that both compounds can also induce p21 through a p53-independent mechanism.
Introduction
Histone deacetylases (HDACs) represent a family of enzymes that cooperate with histone acetyltransferases (HATs) to modulate chromatin structure and transcriptional activity via changes in the acetylation status of nucleosomal histones. 1 While histones H2A, H2B, H3 and H4 all exhibit acetylated, e-amino-terminal lysine residues within the tails extending from the histone octamer of the nucleosomal core, histones H3 and H4 are the main targets of HDAC enzymatic activity. [2] [3] [4] [5] In addition to chromatin remodeling, the HDAC enzyme complex has been linked with several important regulatory pathways for growth and differentiation. HDACs regulate a variety of transcriptional pathways by forming complexes with transcriptional repressors, co-repressors and other transcriptional factors, including unliganded nuclear hormone receptors, 6 SMRT, 7 N-CoR, 8, 9 retinoblastoma protein (Rb), 10, 11 Max/ Mad 12, 13 and Sp1. 14 Mammalian HDACs have been divided into three or four subclasses. 15 HDACs 1, 2, 3 and 8, which are homologous to the yeast RPD3 protein, constitute class I; HDACs 4, 5, 6, 7, 9 and 10 are related to the yeast Hda 1 protein and form class II. Mammalian homologs of the yeast Sir2 protein have been identified, forming a third class of deacetylases referred to as sirtuins, while by phylogenetic analysis the newly identified HDAC11 represents a new class of histone acetylases. 16 All of these HDACs are components of multiprotein complexes. In particular, class I and II HDACs have been shown to interact with the transcriptional co-repressors mSin3, N-CoR and SMRT, which recruit HDACs to transcription factors.
Since recruitment of HDACs predominantly leads to transcriptional repression, inhibitors of this enzymatic activity can reverse repression in dividing cells and lead to reexpression of genes inducing cell cycle arrest, differentiation and/or cell death. Therefore, HDAC inhibitors are being considered as candidate drugs in cancer therapy. [16] [17] [18] The efficacy of these enzyme inhibitors, particularly Trichostatin A (TSA), [19] [20] [21] suberoylanilide hydroxamic acid (SAHA), [22] [23] [24] trapoxin, 25 and M-carboxycinnamic acid bishydroxamide (CBHA) 26 has been established by in vitro experiments, experimental therapy and ongoing clinical trials. 18, 27 The p53 tumor suppressor exerts antiproliferative effects, including growth arrest, apoptosis, and cell senescence, in response to various types of stress. [28] [29] [30] Mutations within the p53 gene have been documented in more than half of all human tumors. Accumulating evidence further indicates that, in the cells that retain wild-type p53, other defects in the p53 pathway also play an important role in tumorigenesis. 29 The molecular function of p53 that is required for tumor suppression appears to involve its ability to act as a transcriptional factor in regulating downstream target gene expression. 31, 32 p53 is a short-lived protein whose activity is maintained at low levels in normal cells. Tight regulation of p53 is essential for its effect on tumorigenesis as well as maintaining normal cell growth. The precise mechanism by which p53 is activated by cellular stress is not completely understood; however, it is generally accepted that this involves post-translational modifications of p53, including phosphorylation and acetylation. markedly stimulates its sequence-specific DNA-binding activity and transcriptional activity. [34] [35] [36] [37] Multiple lysine (Lys) residues in p53 are acetylated. In vitro, Lys320 is acetylated by P/CAF (p300/CBP associated factor), 36 while Lys373 and Lys382 are acetylated by p300 and CBP. 36, 37 In vivo studies show that some of these sites are acetylated in response to DNA-damaging agents, demonstrating that acetylation is a bona fide modification for p53. 36 The proportion of acetylated p53 is increased when cells are treated with HDAC inhibitors such as TSA, 37 and increasing the levels of p53 acetylation with HDAC inhibitors also prevents p53 degradation in vivo, 38 implying that there is tight regulation of functional p53 levels by acetylation and de-acetylation. However, despite the observation that acetylation can stimulate p53 DNA binding activity, the precise function of acetylation and the identities of the p53 deacetylases that modify these sites remain to be established.
In this report, we present evidence that a novel HDAC inhibitor, CG-1521 (7-phenyl-2,4,6-hepta-trienoic hydroxamic acid), which is structurally related to other HDAC inhibitors such as SAHA, stabilizes the acetylation of p53 at Lys373, inducing cell cycle arrest and apoptosis in LNCaP prostate cancer cells, while TSA that stabilizes the acetylation of p53 at Lys382 induces only cell cycle arrest in the cell line. The stabilization of acetylated Lys373 by CG-1521 appears to be associated with the specific degradation of HDAC2 but not HDAC1. p53 acetylated at Lys373 induces downstream activation of the cyclin-dependent kinase (CDK) inhibitor p21 and the translocation and cleavage of Bax, while TSA only induces p21. (Figure 1a ). This decrease is associated with both G 2 /M arrest and an increase in the sub-G 0 population, which is indicative of apoptosis ( Table 1 ). The induction of apoptosis was confirmed by terminal deoxynucleotidyl transferase mediated nick-end labeling (TUNEL) analysis (Figure 1e ), which shows a dose-dependent increase in DNA fragmentation at 48 h. In contrast, CG-1521 induces cell cycle arrest in androgen receptor negative PC-3 cells at G 2 /M interface with no increase in the sub-G 0 population or DNA fragmentation (Figure 1b , e, Table 1 (Figure 2b ). These data demonstrate that the effects of (Figure 3a ). This is accompanied by a statistically significant increase in the levels of total p53 after 3 h of treatment, which is maintained up to 24 h of treatment at which time the level of total p53 is five-fold higher than the endogenous level in untreated cells (Figure 3a) . To determine whether the effects of CG-1521 are unique or whether the mechanism can be generalized to other HDAC inhibitors, the effects of another widely studied HDAC inhibitor, TSA on LNCaP cells were analyzed. TSA transiently induces acetylation of p53 at Lys373/Lys382 reaching a maximum level between 6 and 8 h after treatment with 5 mM TSA, and declining rapidly by 24 h (Figure 3a ). This is mirrored by the small, but statistically significant, transient increase in total p53 levels at 6 and 8 h of treatment ( Figure 3b ).
Treatment with CG-1521 stabilizes the acetylation of p53 at Lys373 while TSA stabilizes the acetylation of p53 at Lys382
More detailed assessment of the acetylation status of p53 at Lys320, Lys373 and Lys382 in LNCaP cells before and after treatment with CG-1521 or TSA is shown in Figure 4 . p53 is acetylated at Lys320 in LNCaP cells prior to treatment, and treatment with CG-1521 ( Figure 4a ) or TSA ( Figure 4b ) does not significantly alter the acetylation status of Lys320. The level of acetylation at Lys373 is significantly elevated by CG-1521 by 3 h and is maintained until 24 h (Figure 4a ). On the other hand, acetylation of Lys382 is not affected by treatment with CG-1521. In contrast, TSA has no effect on the acetylation of Lys373, but does significantly increase the levels of p53 acetylated on Lys382 transiently between 6 and Figure 2 Effect of CG-1521 on acetylation of histone H3 and H4. LNCaP cells were treated with 7.5 mM CG-1521 from 0 to 24 h and acid extracted for histones as described in Materials and Methods. In total,10 mg of extracted histones was loaded to AUT gels. The levels of acetylated histone H3 and total histone H3 (a) and acetylated histone H4 and total histone H4 (b) were detected by immunoblotting. The signal intensity of acetylated H3 and H4 and total H3 and H4 protein levels was measured with Kodak 1D imaging software. Due to the nature of AUT gels these blots are not normalized against a standard loading control 
CG-1521 upregulates p21 protein level and induces the translocation and cleavage of Bax in LNCaP cells
The elevation of p53 levels by 7.5 mM CG-1521 is accompanied by the concomitant elevation of p21 protein levels. The levels of p21 increase gradually, starting at 3 h and increasing to a level that is approximately six-fold higher than the untreated cells by 48 h (Figure 5a ). In addition to the increase in p21 levels, treatment with 7.5 mM CG-1521 also induces the translocation of Bax from the cytosol (S 100) to the mitochondria (NNMF) and subsequent cleavage to t-Bax (Figure 5b ). The level of Bax decreases significantly in the S 100 fraction after 3 h of treatment and continues to decrease throughout the time frame of the experiment up to 48 h of treatment. Bax is detected in NNMF as early as 3 h after treatment and by 12 h, the cleavage product t-Bax, is also detectable in NNMF. The levels of Bax and t-Bax increase significantly until 48 h of treatment (Figure 5b ).
TSA transiently activates p21, but fails to induce translocation and cleavage of Bax in LNCaP cells
Treatment of LNCaP cells with 5 mM TSA induces a small but significant increase in p21 level, which reaches a maximum at 6 h before declining to control levels by 48 h (Figure 6a ). In contrast, the levels of cytosolic Bax remain unaltered even after 48 h of treatment and there is no evidence of Bax translocation to the mitochondria or the formation of t-Bax in LNCaP cells treated with TSA ( Figure 6b ).
CG-1521 and TSA induce transient activation of p21 but have no effect on the activation of Bax in PC-3 cells
To determine whether the effects of CG-1521 and TSA are restricted to androgen receptor positive, p53 wild-type cells, Figure 4 The Effect of CG-1521 and TSA on acetylation of p53 at Lys 320, Lys373 and Lys382. LNCaP cells were treated with 7.5 mM CG-1521 (a) or 5 mM TSA (b) for 0-24 h, and nuclear fractions were prepared as described in Materials and Methods. The levels of endogenous acetylated p53 at Lys320, Lys373 and Lys382, and lamin A/C were detected by immunoblotting with antibodies specific for each of the acetylated lysine residues and antilamin A/C antibody. The band intensities of acetylated p53 at Lys 320 and 373 (a) and Lys 320 and 382 (b) were measured with Kodak 1D imaging software and normalized against lamin A/C Figure 5 Effect of CG-1521 on protein levels of p21 and Bax and Bax translocation in LNCaP cells. LNCaP cells were treated with 7.5 mM CG-1521 for 0-48 h and nuclear, cytosolic (S 100) and mitochondrial (NNMF) fraction were prepared as described in Materials and Methods. In total, 50 mg of protein for nuclear and mitochondrial fraction, and 25 mg for cytosolic fraction were analyzed by SDS-PAGE. The levels of endogenous p21 and lamin A/C were detected by immunoblotting. The p21 levels were normalized against lamin A/C (a). The levels of endogenous Bax and GAPDH were measured in the cytosolic (S 100) fraction. Bax, t-Bax and ATP-synthase-a were detected in the mitochondrial fraction by immunoblotting. The signal intensity of Bax and t-Bax were normalized against GAPDH and ATP-synthase-a for cytosolic and mitochondrial fractions respectively (b) the effects of these two HDAC inhibitors on androgen receptor negative, p53 À/À , PC-3 cell line were examined. 7.5 mM CG-1521 induces a transient activation of p21 starting 1 h after treatment, plateauing between 3 and 6 h and decreasing by 48 h. However, Bax is detected only in the cytosol (Figure 7a ) and there is no evidence of translocation or cleavage of Bax to the mitochondria (Figure 7a) . Similarly, treatment of PC-3 cells with 5 mM TSA induces a delayed induction of p21, which is first detectable at 6 h, before showing a similar decrease in the levels to baseline as seen after treatment with CG-1521 (Figure 7b ). The levels of Bax in the cytosol are not affected by TSA in PC-3 cells and there is no translocation of Bax to the mitochondria or cleavage to t-Bax (Figure 7b ).
Differences in the effects of CG-1521 and TSA are a result of different target HDACs A number of HDACs have been identified in human cell lines. A survey of the major HDACs in LNCaP and PC-3 cells was conducted. Both cell lines express HDAC1; however, the levels do not alter in these cell lines after treatment with either CG-1521 or TSA (Figure 8 ). Similar data were found for HDAC3 and HDAC4 (data not shown). Only the LNCaP cell line expresses HDAC2, (Figure 8a) , and the level of HDAC2 is significantly affected by treatment with 7.5 mM CG-1521, decreasing to undetectable levels by 48 h after treatment. In contrast 5 mM TSA has no significant effect on the level of HDAC2 in LNCaP cells.
Discussion
In this report we show that CG-1521 is a potent inducer of cell cycle arrest and apoptosis in the androgen receptor positive prostate cancer cell line LNCaP. Like other histone deacetylase inhibitors, CG-1521 blocks the de-acetylation of H3 and H4, quantitatively the major targets of HDAC activity in the cell. [2] [3] [4] [5] Stabilization of the acetylated histones by CG-1521 is evident as early as 1 h after treatment, well before the morphological evidence of apoptosis and cell cycle arrest, suggesting that the re-expression of genes that regulate differentiation or cell death through changes in chromatin conformation might be responsible for the effects of CG-1521 on cell cycle kinetics and apoptosis. However, in addition to stabilizing the acetylation of histones, treatment with CG-1521 also causes an increase in the level of acetylated p53 and total Figure 6 Effect of TSA on protein levels of p21 and Bax and Bax translocation in LNCaP cells. LNCaP cells were treated with 5 mM TSA for 0-48 h and subcellular fractions were prepared as described in Materials and Methods. In total, 50 mg of protein for nuclear and mitochondrial fraction, and 25 mg for cytosolic fraction were analyzed by SDS-PAGE. The levels of endogenous p21 and lamin A/C detected by immunoblotting and p21 protein levels were normalized against lamin A/C (a). The levels of Bax in the cytosolic fraction (S 100) and mitochondrial fraction (NNMF) were normalized using GAPDH and ATP-synthase-a for cytosolic and mitochondrial fractions respectively (b) Figure 7 The Effect of CG-1521 and TSA on p21 and Bax protein levels and Bax translocation in PC-3 cells. PC-3 cells were treated with 7.5 mM CG-1521 (a) or 5 mM TSA (b) for 0-48 h and subcellular fractions were prepared as described in Materials and Methods. In total, 50 mg of protein for nuclear and mitochondrial fraction, and 25 mg for cytosolic fraction were analyzed by SDS-PAGE. The endogenous levels of p21 and lamin A/C were detected by immunoblotting and p21 protein levels were normalized against lamin A/C. The levels of Bax in the cytosolic fraction (S 100) and mitochondrial fraction (NNMF) were detected by immunoblotting and normalized using GAPDH (for cytosolic proteins) and ATPsynthase-a (for mitochondrial proteins)
p53 as early as 3 h after treatment. This suggests that CG-1521 may directly target proteins involved in cellular responses, particularly in apoptosis and cell cycle arrest, and that the effects of CG-1521 on changes in cell function through chromatin remodeling may be a secondary, rather than primary, effect. Using an antibody that recognizes p53 acetylated at Lys373 or Lys382, we provide evidence that CG-1521 blocks the deacetylation of p53 as early as 3 h after treatment, which leads to a concomitant, sustained increase in the total level of p53 in the cell. However, when the same cell line is treated with TSA, the increase of p53 acetylation at these two sites is not as pronounced and the increase in total p53 levels is significantly more transient. Two recent reports have suggested that acetylation is important for p53 to suppress oncogenic rasinduced transformation 39 and to induce metaphase chromosome fragility, 40 suggesting that acetylation of the protein may be essential for many functions of p53. The findings that p300/ CBP acetyltransferases and p19 ARF promote p53 acetylation in vivo, while MDM2 inhibits acetylation, 41 further supports the idea that acetylation is an important modification targeted by both positive and negative regulators critical to p53 tumor suppressor activity. p300/CBP-mediated acetylation and MDM2-mediated ubiquitinylation of p53 have been shown to occur at a common set of lysine residues in p53 (Lys320, Lys373 and Lys 382). Further dissection of the acetylation of p53 using antibodies specific for acetylated-Lys320, acetylated-Lys373 and acetylated-Lys382 demonstrates that the two inhibitors target different lysine residues in p53. In LNCaP cells, the acetylation of Lys320 appears to be constitutive and is not affected by either CG-1521 or TSA. However, TSA selectively blocks the de-acetylation of Lys382, while CG-1521 targets the acetylation of Lys373. Acetylation of p53 at Lys382 has been shown to prevent the MDM-2 mediated ubiquitinylation and subsequent proteasomal degradation of p53, a process that is known to be blocked by TSA. 42 Since Lys 373 is also targeted by MDM-2, CG-1521 appears to be blocking the degradation of p53 by preventing the deacetylation of Lys373 and subsequent ubiqutination and proteasomal degradation of p53, leading to the increase in the levels of p53 in LNCaP cells. Treatment with CG-1521 induces a marked decrease in the protein level of HDAC2 in LNCaP cells possibly through proteasome-mediated degradation as has been demonstrated to occur in K562 human erythroleukemia cells, F9 mouse teratocarcinoma and HEK293T human embryonic kidney carcinoma cells after treatment with another histone deacetylase inhibitor, valproic acid. 43 This decrease in HDAC2 activity occurs concurrently with the stabilization of acetylated Lys373 p53, suggesting that HDAC2 is also involved in the deacetylation of this residue in p53 either alone or complexed with HDAC1. 44 Since CG-1521 markedly downregulates the protein level of HDAC2 in LNCaP cells, this would suggest that the stabilization of acetylation at Lys373 is mediated by HDAC2 (and only affected by CG-1521) whereas the stabilization of acetylation at Lys382 is mediated by HDAC1, which is inhibited by TSA. Further studies will be required to elucidate the individual role of these deacetylases in regulating p53 function. However, the participation of multiple deacetylases supports the idea that acetylation is a critical mechanism for regulation of p53.
Stabilization of p53 leads to the activation of downstream targets, including p21 WAFÀ1/CIPÀ1 and Bax due to the induction of transcription through the well-characterized p53 binding sites in the promoters of these two genes. 45, 46 Consistent with this idea, we have shown that the stabilization of acetylated p53 induces the upregulation of p21 WAFÀ1/CIPÀ1 protein levels. It has recently been demonstrated that p53 cooperates with the transcription factor Sp1, through binding to the C-terminal domain of Sp1 to induce transcription of the p21 gene, while binding of HDAC1 to the same domain inhibits the transcription. 47 Since the protein levels of HDAC1 do not change significantly after treatment with either CG-1521 or TSA, this suggests that the enzymatic activity of HDAC1 is required for interaction with Sp1. If this is the case, both TSA and CG-1521 may contribute to the induction of p21 transcription through a p53-independent mechanism by relieving the inhibition by HDAC1 in both LNCaP (p53 wild type) and PC-3 (p53 null) cells. In LNCaP cells, the stabilization of acetylated p53 may further increase the transcription of the p21 gene, possibly explaining the more prolonged induction of the protein in LNCaP cells.
The role of p21 in inducing G 1 /S phase arrest through its interactions with cyclin E/cdk2 is well established; 48 however, p21 induction in several p53 null cells, including the PC-3 M prostate cancer sub-line, 49 has also been shown to induce G 2 /M arrest. There are several possible mechanisms that might lead to G 2 /M arrest. TSA has been shown to produce G 2 /M arrest in p53 À/À MG63 osteosarcoma cells through the induction of Gadd45, a process that requires both the Oct-1 and NF-Y (CCAAT) sites in the promoter. 50 In human myeloma cells and EBV þ lymphoblastic cell lines decitabine (a DNA demethylating agent) induces cell cycle arrest at G 1 (through transcriptional induction of p21) and at G 2 /M through activation of the p38 MAP kinase pathway. 51 The current studies indicate that the induction of p21 by CG-1521 primarily regulates cell cycle arrest at G 2 /M in LNCaP cells. While this might suggest that this arrest is independent of p53 activation, the increase of the percentage of cells arrested in the G 0 /G 1 phase seen at higher concentrations of the drug raises the possibility that both G 2 /M and G 0 /G 1 arrest are regulated by CG-1521 in a dose-dependent manner in p53 þ / þ cells. Thus, while it is clear that CG-1521 can induce p21 levels in LNCaP cells by a p53 mediated pathway, it is not clear whether this pathway is the predominant pathway in p53 þ / þ cells, or whether p21 is induced by both p53-dependent and -independent pathways in these cells.
Bax (and consequently cell death) is only induced in LNCaP cells by CG-1521, suggesting that the two histone deacetylase inhibitors have different, and possibly additional mechanisms of action. The data presented in this manuscript cannot distinguish between the differences in the induction of Bax transcription by CG-1521 and TSA and the possibility that CG-1521 induces Bax translocation and cleavage via a mechanism that is completely independent of the p53 acetylation. However, given the recent demonstration that transfection of p53 mutated at either Lys320 or Lys373, but not Lys382, renders p53 À/À KATO-III cells resistant to induction of apoptosis by histone deacetylase inhibitors, 52 it is attractive to hypothesize that the activation of the bax promoter requires the participation of p53 acetylated at Lys320 and Lys373, in much the same way as the induction of PIG3 and NOXA in KATO-III, while the p53-dependent induction of p21 requires the participation of p53 acetylated at either site. These data also suggest that the tissue-specific effects of histone deacetylase inhibitors will depend in part on which HDACs are expressed in the cell, which nuclear proteins and which bromodomain proteins are present in the cell. 53 Distinguishing between these possibilities will require further experimentation, but the data presented here suggest that the choice of HDAC inhibitor to be tested for clinical intervention will largely depend on the HDAC isoenzyme-specific target genes present in the cells and the complement of HDACs in the cell.
Materials and Methods

Cell culture
LNCaP and PC-3 human prostate cancer cells, obtained from American Type Culture Collection (Rockville, MD, USA), were cultured in RPMI-1640 (Life Technologies, Gaithersburg, MD, USA) and Ham's F-12K (Sigma, St Louis, MO, USA) respectively, with 10% fetal bovine serum (Atlas, Fort Collins, CO, USA). All cell lines were routinely passaged every 3-4 days. 
Crystal violet growth assay
Flow cytometry
Cells were seeded in T-150 flasks at a density of 5 Â 10 6 cells/flask, and 24 h after plating were treated for a period of 48 h. Cells were stained with 5 mg/ml propidium iodide (PI), (Sigma) containing RNAse (Roche Diagnostics) for 30 min. At least 10 000 cells per treatment were analyzed on a Coulter Epics XL cytometer (Coulter, Miami, FL, USA) and cell cycle modeling was performed using Multiplus AV software (Phoenix Flow Systems). Apoptosis was measured by flow cytometry by terminaltransferase mediated labeling of DNA strand breaks. Cells were fixed in 2% formaldehyde, washed twice in PBS/0.2% BSA, and permeabilized with 70% ethanol at À201C for at least 1 h. DNA strand breaks were labeled with bromodeoxyuridine by terminal transferase (Roche Diagnostics) and detected using the Apo-BrdU detection kit according to the manufacturer's directions (Phoenix Flow Systems, San Diego, CA, USA). Cells were counterstained with propidium iodide, and at least 10 000 cells were analyzed and modeled utilizing Multiplus AV software (Phoenix Flow Systems).
Extraction of cellular histones
Histones were extracted according to previous procedure. 20 Approximately 2 Â 10 6 cells cultured in the absence or presence of 7.5 mM CG-1521 were harvested, collected by centrifugation at 700 Â g for 10 min, washed once with phosphate-buffered saline and suspended in ice-cold lysis buffer (10 mM Tris-HCl, 50 mM sodium bisulfite, 1% Triton X-100, 10 mM MgCl 2 , 8.6% sucrose, pH 6.5). Cells were Dounce homogenized and nuclei were collected by centrifugation at 1000 Â g for 10 min, washed three times with lysis buffer and once with 10 mM TrisHCl, 13 mM EDTA, pH 7.4. The pellet was suspended in 0.1 ml of ice-cold H 2 O and concentrated H 2 SO 4 was added to the suspension to a final concentration of 0.4 N. After incubation at 41C for 1 h, the suspension was centrifuged for 5 min at 15 000 rpm and the supernatant was taken and mixed with 1 ml acetone, incubated overnight at À201C, centrifuged for 5 min at 15 000 rpm and pellet, air dried. The acid soluble histone fraction was dissolved in 50 mL of H 2 O. Protein concentrations were determined by the Micro BCA protein assay (Pierce, Rockford, IL, USA).
Separation and analysis of histones
Acetylation of histones was analyzed by minislab gel electrophoresis using acid/urea/triton (AUT) minislab gel (5% acetic acid, 7.5 M urea, 6 mM Triton X-100, 12% acrylamide), as described in Linnox and Cohen. 54 10 mg of the extracted histones were loaded into the AUT gel and electrophoresed at 100 V for 4 h. Before transferring on to nitrocellulose membranes for Western analysis, the AUT gels were washed on a rotary shaker for 30 min in 150 ml of 50 mM acetic acid, containing 0.5% SDS. The proteins were transferred onto nitrocellulose membrane (8 Â 9 cm, 22 mm pore size, Osmonics Inc.) positioned at the anode side of the gel, with transfer buffer (25 mM Tris, 192 mM Glycine, 0.1% SDS, pH 8.3 and 20% v/v methanol), in a Bio-Rad mini transblot apparatus at constant 100 V for 10 min followed by constant 60 V for 50 min. 55 After transfer, the nitrocellulose membrane was probed with a 1 : 1000 dilution of antiacetylHistone H3 antibody (Cat # 06-599; Upstate Biotechnology, Lake Placid, NY, USA), 1 : 1000 dilution of antihistone H3 antibody (Cat # 05-499; Upstate Biotechnology), 1 : 1000 dilution of antiacetyl-Histone H4 antibody (Cat # 06-598; Upstate Biotechnology) or 1 : 1000 dilution of antihistone H4 antibody (Cat # 07-108; Upstate Biotechnology), followed by a 1 : 5000 dilution of horseradish peroxidase-conjugated secondary antibody against respective rabbit IgG and mouse IgG and autoradiographed with Super Signal West Dura extended duration substrate (Cat # 34075; Pierce, Rockford, IL, USA). Blots were stripped with Western Re-Probe TM Buffer (Cat # 786-119; Geno Technology, St. Louis, MO, USA).
Total cell lysate
Total cell lysates were prepared essentially according to Yang et al. 56 Cells were scraped and pelleted by centrifugation at 1500 rpm for 3 min at 41C. Pellets were resuspended in ice-cold wash buffer (25 mM Tris, pH 7.5, 250 mM sucrose, 2.5 mM MgCl 2 , 10 mM benzamidine, 10 mM NaF, 1 mM sodium vanadate, 10 mg/ml leupeptin, 10 mg/ml aprotinin, 1 mg/ml pepstatin and 1 mM PMSF), pelleted at 1500 rpm for 3 min at 41C and resuspended in Buffer A (20 mM HEPES-KOH, pH 7.5, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 250 mM sucrose, 1 mM sodium vanadate, 1 mM DTT, 25 mg/ml leupeptin, 25 mg/ml aprotinin, 2.5 mg/ml pepstatin, 1 mM PMSF, 10 mM benzamidine and 20 mM NaF), Dounce homogenized and stored at À201C. Protein concentrations were determined by the Micro BCA assay (Pierce, Rockford, IL, USA).
Subcellular fractionation
Subcellular fractions were isolated as previously described. 54 Cells were scraped, pelleted by centrifugation at 1500 rpm for 3 min at 41C, resuspended in ice-cold wash buffer and pelleted at 1500 rpm for 3 min at 41C. Pellets were resuspended with three volumes of Buffer A and lysed with a Dounce homogenizer. Homogenates were centrifuged twice at 1500 rpm for 6 min at 41C and the nuclear pellets were resuspended in Buffer A, sonicated for 20 s, and stored at À201C. The supernatants were ultracentrifuged at 55 000 rpm (Beckman TLA 120.2) for 1 h at 41C. The resultant pellets containing the mitochondria, and designated the nonnuclear membrane fraction (NNMF) were resuspended in Buffer A, sonicated three times for 20 s each, and stored at À201C. The supernatant containing cytosolic fraction was designated S 100 and stored at À201C. Protein concentrations were determined by the Micro BCA protein assay (Pierce, Rockford, IL, USA).
Western blot analysis
Total cell lysate (50 mg), nuclear fraction (50 mg), NNMF (50 mg) and cytosolic fraction S 100 (25 mg) isolated as described above were solubilized in loading buffer containing 5% b-mercaptoethanol, separated by SDS-PAGE, and transferred on to nitrocellulose. Equal loading and transfer of proteins were confirmed by Ponceau-S staining (BDH, Dorset, England). Protein derived from total cell lysate, nuclear, NNMF and S 100 extracts were immunoblotted with antiacetyl p53 (Lys373 and Lys382) rabbit antiserum (Cat # 06-758; Upstate Biotechnology, Lake Placid, NY), antacetyl p53 (Lys373) (Cat # 06-916, Upstate Biotechnology Lake Placid NY, USA), antiacetyl p53 (Lys382) (Cat # 01-010-179M, American Proteomics, Carlsbad, CA, USA), anti-p53 mouse monoclonal (Cat # 05-224; Upstate Biotechnology, Lake Placid, NY, USA), antilamin A/C goat polyclonal (N-18; Santa Cruz Biotech., Santa Cruz, CA, USA), antip21 WAF1/CIP1 mouse monoclonal (Cat # OP68; Oncogene Research Products, San Diego, CA, USA), anti-Bax rabbit polyclonal (Cat # 554104; BD Pharmingen, San Diego, CA, USA), anti-GAPDH mouse monoclonal (Cat # 4699-9555; Biogenesis, Kingston, NH, USA), anti-ATP synthase-a mouse monoclonal antibodies (Cat # A11144; Molecular Probes, Eugene, OR, USA), anti-HDAC1 mouse monoclonal (Cat # 05-614; Upstate Biotechnology, Lake Placid, NY, USA), anti-HDAC2 rabbit polyclonal (Cat # 07-222; Upstate Biotechnology, Lake Placid, NY, USA), or anti-HDAC3 rabbit polyclonal (Cat # 06-890; Upstate Biotechnology, Lake Placid, NY, USA), diluted in blocking solution (5% milk in 0.05% PBS-Tween). Specific antibody binding was detected by goat anti-mouse (Cat # 170-6516; BioRad Lab, Hercules, CA, USA), goat-anti rabbit (Cat # 170-6515; Bio-Rad Lab, Hercules, CA, USA) or rabbit anti-goat (Cat # 31402; Pierce, Rockford, IL, USA) IgG antibody conjugated with horseradish peroxidase diluted 1 : 5000 or 1 : 10000 in blocking solution and autoradiographed with enhanced chemiluminescence (Pierce). The membranes were stripped with Western Re-Probe TM Buffer (Cat # 786-119; Geno Technology, St. Louis, MO, USA). The band intensities in all cell lines were measured and analyzed with the Kodak 1D imaging software. Changes in protein levels were normalized relative to the appropriate loading control (lamin A/C for the nuclear fraction; GAPDH for the cytosolic fraction, and ATP-synthase-a for the mitochondrial fraction).
Statistical analysis
Data are expressed as the mean7standard error (SE). One-way analysis of variance (ANOVA) was used to assess statistical significance between means. Differences between means were considered significant when Po0.001 using the Bonferroni post-test. All statistical analyses were performed with the GraphPad Instat software (Intuitive Software for Science, San Diego, CA, USA).
